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The spatial distribution of hosts can be a determining factor in the reproductive success of parasites. Highly aggregated hosts may offer more opportunities for reproduction but can have better defences than isolated hosts. Here we connect macro-and micro-evolutionary processes to understand the link between host density and parasitism, using avian brood parasites as a model system. We analyse data across more than 200 host species using phylogenetic comparative analyses and quantify parasitism rate and host reproductive success in relation to spatial distribution using field data collected on one host species over 6 years. Our comparative analysis reveals that hosts occurring at intermediate densities are more likely to be parasitized than colonial or widely dispersed hosts. Correspondingly, our intraspecific field data show that individuals living at moderate densities experience higher parasitism rates than individuals at either low or high densities. Moreover, we show for the first time that the effect of host density on host reproductive success varies according to the intensity of parasitism; hosts have greater reproductive success when living at high densities if parasitism rates are high, but fare better at low densities when parasitism rates are low. We provide the first evidence of the trade-off between host density and parasitism at both macro-and micro-evolutionary scales in brood parasites.
This article is part of the theme issue 'The coevolutionary biology of brood parasitism: from mechanism to pattern'.
Introduction
Animals exhibit great variation in their spatial distribution, and their distribution can respond to extrinsic factors, such as prey density and abiotic conditions, or intrinsic factors, such as territoriality and aggressiveness [1, 2] . Birds of prey and owls can have home ranges of up to 2000 ha, and have densities as low as six individuals in 10 km 2 [3] . On the other hand, many blackbirds (Agelaius spp.) nest adjacent to one another, sometimes in dense colonies of more than 1000 individuals [4] . The spatial distribution of a species can be linked with other life-history traits. For example, species with larger territories tend to be larger and live in lower densities [5, 6] . Species with smaller territories and living at larger densities have increased extra-pair fertilizations [7] , decreased dispersal abilities [4] and reduced predation rates [8] . The spatial distribution of species can also be very important in host -parasite interactions. For instance, in mammalian hosts, host density determines rates of parasitism by several invertebrate parasites [9] . However, few studies have explored the importance of host density at a broad scale, or examined how the interaction between host density and parasitism rates influence host reproductive success. Obligate avian brood parasites, such as cuckoos and cowbirds, offer an excellent system to explore questions regarding host-parasite interactions, because unlike many endo-parasitic systems, traits, costs and benefits in both hosts and parasites are highly tractable for experimentation and easy to isolate. Obligate brood parasites lay their eggs in the nests of other species, and depend entirely on their hosts in order to reproduce [10] . Given that many avian brood parasites specialize on particular host species and have host-specific adaptations, such as egg mimicry [11] [12] [13] , it is expected that brood parasites optimize their time searching for their hosts' nests by exploiting those species that occur in high densities. Moreover, migratory avian brood parasites, like most cuckoos, often have short breeding seasons, restricting the time available to search for hosts [14] . High host density can increase reproductive success in brood parasites, and can also facilitate the defence of their host territories if they encompass a smaller area. While some cuckoo species are not territorial [15] , other species such as the Horsfield's bronze-cuckoo (Chalcites basalis) have territories of up to 27 ha, and territory size is inversely related to host density, suggesting that brood parasites increase territory size to compensate for low host density [16] . Host density determines the territory or home range size of brood parasites [15, 17, 18] and is also related to brood parasite abundance [19] . It has also been shown in reed warblers (Acrocephalus scirpaceus), black-capped vireos (Vireo atricapillus) [20] and superb fairy-wrens (Malurus cyaneus) [16] that higher-density host populations suffer higher rates of brood parasitism.
However, the relationship between density and the likelihood of being a host of a brood parasite is likely to be nonlinear, because it may be shaped by two opposing sources of selection. On the one hand, brood parasites may target species in higher densities for the reasons described above (e.g. they can defend more host territories and improve nest search efficiency). However, hosts living in higher densities may also have better defences against brood parasites, through group defence (figure 1). It is known that living in large groups can increase the effectiveness and intensity of front-line defences against brood parasitism, such as mobbing [21, 22] . In many territorial host species, such as carrion crows (Corvus corone) and fairy-wrens, larger groups have lower parasitism rates [22 -24] . Even when territories are defended only by a pair, close proximity to neighbours may reduce parasitism risk through collective mobbing with neighbours or social transmission of brood parasite recognition [25, 26] , although see Soler et al. [27] . Moreover, it has been shown that in colonial species, such as the red bishop (Euplectes orix), the likelihood of parasitism decreases in larger colonies [28, 29] , suggesting that there could be costs in trying to parasitize densely aggregated hosts. Collective mobbing can enhance the ability to detect and defend against brood parasites [24] . Indeed, studies of several different brood parasite -host systems have found that on occasion mobbing by hosts can be fatal to brood parasites (e.g. [30 -32] ). Moreover, many host species are more likely to reject a parasite egg or chick if they see an adult brood parasite near the nest during the egg-laying period [33] [34] [35] , so brood parasites can improve their reproductive success if they parasitize a nest undetected by hosts. The risk of detection by hosts is likely to increase with host density, further reducing the benefits to brood parasites of exploiting highdensity patches. Therefore, it appears that there is a compromise between the efficiency in exploiting hosts that live in high densities and the risk of being detected and mobbed by larger groups. Brood parasites should target those species and populations that build their nests in close enough proximity to reduce searching time and increase the number of defendable host territories, but should avoid highly dense populations to reduce the risks of being detected or suffering injury ( figure 1 ). This trade-off is likely to apply at both the level of host species and host populations within species. Brood parasites may target certain host species in response to their spatial distribution, and within host species, they may target host populations with the optimal spatial distribution.
Here we use comparative analyses to explore the association between species density and host status for 242 species of passerines. Additionally, we use field data collected over 6 years to further explore the association between host density and the likelihood of parasitism within a species. We use superb fairy-wrens to test whether high-density territories suffer higher parasitism rates than more widely dispersed territories, as has been shown in other species [14, 20] . Importantly, for the first time we test how host density and the intensity of parasitism interact to affect host reproductive success. Using data from years with high and low parasitism rates, we test whether the reproductive success of groups nesting in densely populated versus dispersed territories varies in relation to annual parasitism rates.
Methods (a) Comparative analysis
We collected information on breeding density (or breeding territory size) for 242 bird species that have been reported previously to be main hosts (N ¼ 116 spp.) or non-hosts (N ¼ 126 spp.) of avian brood parasites, based on extensive studies (electronic supplementary material, table S1). Non-hosts were specifically selected to include only those species that belonged to a family in which hosts were present. This was done to ensure that the non-hosts included were potential hosts. We did not include species that are not potential hosts (based on unsuitable dietary preferences or nesting habits), because these confounding effects might obscure any pattern. We also classified as hosts only those species that are main and common (not accidental) hosts, and that have evidence of successfully rearing cuckoo chicks (details in electronic supplementary material). Host species included hosts of highly virulent brood parasites, such as evicting cuckoos and honeyguides, which kill all the progeny of their host (n ¼ 65 spp.) and hosts of non-evicting brood parasites such as Clamator cuckoos and cowbirds (n ¼ 51 spp.), whose progeny can be raised alongside the progeny of the host.
Information on territory size or breeding density was obtained from the Handbook of the birds of the world alive (HBW) [36] , or from A guide to the nests and eggs of southern African birds [37] . In both sources, the information was given as an average area per pair in ha, m 2 , km 2 or a description, such as 'never more than 1 ha' or 'colonial' or 'semicolonial'. host density detection by hosts search time optimal host density Figure 1 . Scheme explaining trade-off in optimal host density for avian brood parasites. As host density increases, the time finding a potential host nest decreases, but detection by hosts increases.
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For density, information was usually given in number of pairs per ha or km 2 , and was transformed to area per pair. We used information for both territory size and density, and performed analyses separately. When the information obtained was numeric, we transformed it to ha/pair, to obtain a measure of area occupied per pair, which is inverse to density. If ranges were given, we used the middle of the range in ha/pair. Other species were classified separately as either 'colonial' or 'semicolonial' because no numerical data were available for these species.
Given that many species were classified as colonial or semicolonial (N ¼ 61 species), and that the data on territory size or density came from different sources and had different levels of accuracy (e.g. some were based on only one measurement, some were based on several measurements, some were based on several studies and some did not specify which method was used), we categorized the data, and built broad but more reliable categories of species that are colonial, semicolonial or live in small (0 -1 ha), medium (1-5 ha) or large (greater than 5 ha) territory sizes or areas. Categories were designed to contain roughly the same number of species (approx. 30) except for species in small territory sizes, because there were many species with similarly small territories. We also designed a weighting scheme to give more importance in the model to those species that had more reliable information. We classified information on territory size or density in three ordinal categories of reliability: 1 for studies that measure territory or density on one population, 2 for those that present information on a range of populations and 3 for those species that have available information from two or more independent studies.
For species with several subspecies, we used the value reported of the nominal subspecies, because there was no information on host status of subspecies. We also collected information on approximate colony size for those species that were classified as colonial. Information on species' average weight, latitude and nest type was also collected from HBW [36] , because this can also predict whether a species is parasitized or not. It has been suggested that brood parasites target species with smaller size and with open nests [38, 39] .
(i) Statistical analyses
To test whether breeding area (e.g. ha occupied by a pair, obtained from either territory size or density information) can predict whether or not a species is likely to be a host, we designed two different model types. First we designed a binomial logistic model (Model 1), including host status as a binary response variable and breeding area category, body mass (log e transformed), nest type and absolute latitude as predictors (fixed factors). We also included the weighting scheme mentioned above (the inverse) as MEV (measure of error variance) in the model. This model structure was run separately for those species that had information from territory size and for those that had density information. For each group, the model was further separated between hosts of highly virulent species (i.e. species parasitized by evicting cuckoos and honeyeaters) and hosts of less virulent parasites, for a total of four different models. This was done because virulence affects the strength of the interaction between hosts and parasites, and the response of both to selection from brood parasitism.
To complement the analysis described above, we performed a second within-family analysis (Model 2), similar to the first model, but where we used only those families that had information for more than 3 hosts and 3 non-host species (4 families, N ¼ 54 species). In this analysis, we did not use categories but the actual territory size (log e territory size þ 0.001) obtained from the sources mentioned above, except for the family Cisticolidae, where most of the data available for the species were for breeding density. This analysis compares closely related species and it constitutes a more controlled comparison, because the species within a family are more likely to be similar in many other traits, making the largest difference among them the host status.
In all models, we controlled for phylogenetic non-independence by including 1300 different phylogenies in the models as a random factor. To correct for phylogenetic uncertainty, we followed Ross et al. [40] and sampled a tree from the posterior distribution of trees at iteration t, running an MCMC mixed model for 30 000 iterations and saving the last sample [41] , using a prior for a binomial mixed effect model [42] . This process was repeated for 1300 iterations and we disposed of the runs from the first 300 trees as burn-in. The same models were run separately for hosts of virulent parasites and for hosts of nonvirulent parasites, because costs of parasitism are different for each set of hosts. We report the HDP (highest density probability) 95% confidence intervals across 1000 trees for the estimator b and the p-value for each predictor.
Given that there is a massive variation in the colony size of several species, and some species live in colonies of thousands of individuals while others live with few conspecifics, we designed a model to test whether the size of the colony could predict which species were hosts. We ran an MCMCglmm model with host status as a binary response variable and colony size, host body size (log e ), latitude and nest type as predictors, using the same procedure described above across 1300 trees. We report the HPD intervals for the estimator b and p-value across the final 1000 trees, for all predictors.
(b) Field data (i) Study species and site
Superb fairy-wrens (Malurus cyaneus) are small insectivorous, multi-brooded passerines endemic to southeastern Australia. They defend small (approx. 50 m 2 ) territories that may be clustered or more widely dispersed, depending on suitable habitat [43] . We collected field data on a banded population of superb fairy-wrens during the years 2000 and 2011 to 2015. Fieldwork was carried out in Campbell Park, a 128 ha eucalypt woodland in the Australian Capital Territory (149810 0 E, 35816 0 S). Each year during the breeding season (from September to February), we collected information on nest location (GPS coordinates), the identity of the female owner of the nest, the first day that an egg was laid in the nest, whether the nest was parasitized by a cuckoo and whether the nest successfully fledged any fairy-wren young, as a measure of reproductive success.
Horsfield's bronze-cuckoo (Chalcites basalis) is an obligate brood parasite that preferentially exploits fairy-wrens throughout its range [44] . Breeding pairs defend territories encompassing an average of 10 fairy-wren territories, and the distribution and density of host territories influences cuckoo territory size [16] . Females do not remain on the breeding territory for the entire breeding season, but instead move on when they have exploited most of the host nests in their territory, after 2-11 weeks [45] . Cuckoo settlement on a breeding patch is associated with both spring rainfall and superb fairy-wren density [16] . Parasitism rates at our site vary annually from 0 to 37% of fairy-wren nests [16] .
(ii) Calculation of nest density
For each focal nest, we determined how many other nests were active at the same time. Cuckoos typically locate nests while the host is nest building and parasitize nests during the egglaying period [10] . Thus, an area is likely to be perceived by a cuckoo as having plenty of host nests available for parasitism if there are a high number of nests in the building or egg-laying phase. Nest building takes approximately 7 days and the egglaying period typically lasts 3 -4 days. We assumed that if the first egg was laid in a nest seven days before or after the focal nest this meant that the nest was active at the same time as the focal nest (but we also performed calculations using a window royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 374: 20180204 of 6 and 8 days). With this information, we quantified how many active nests were within a 150, 200 and 300 m radius of the focal nest. This gave us a measure of surrounding nest density for each nest recorded.
(iii) Statistical analyses
To test whether nest density could determine the likelihood of being parasitized in superb fairy-wrens, we built a binomial mixed model using the package lme4 [46] , where the response variable was whether or not a nest was parasitized and the predictors were nest density, the year that the data were collected and a quadratic term (nest density 2 ), because we had reason to believe the relationship could be nonlinear (see §1). We also included female identity as a random factor because the dataset included multiple nests per female.
To test whether the effect of nest density on fledging success was different in years of high or low parasitism, we built a binomial model similar to the one described above, but with the response variable being whether the nest produced at least one fledgling and with an additional variable being annual parasitism intensity (high (greater than 15%) or low (less than 5%) parasitism rate) and its interaction with nest density. For this and the model described above, we report the b estimate (for continuous variables), x 2 (for categorical) and the p-value for significant predictors. We also used the function dredge in the MuMIn package to compare different models. We report the evidence ratio (E.R.), which compares models weightings. We assessed convergence in the models using the package DHARMa [47] .
Results (a) Comparative analyses
From the broad-scale analysis (Model 1), we found that species that are semi-or loosely colonial are significantly more likely to be hosts ( p , 0.05, N ¼ 131, electronic supplementary material, table S1; figure 2b) than species in all the other territory size categories, when the dataset contained only hosts of highly virulent parasites and after controlling for the effect of body size and latitude. The analysis for hosts of non-virulent parasites showed that species that breed colonially are less likely to be hosts than species from all the other categories (b ¼ 28.438 to 24.195, p , 0.001, N ¼ 118; electronic supplementary material, figure S1 ). Similar patterns were found when the analyses were performed with density information instead of territory size: colonial species were less likely to be hosts of non-virulent parasites and semicolonial species were more likely to be hosts of brood parasites that are highly virulent (electronic supplementary material, table S1, figure S1 ). Latitude and body size could also predict the probability of being parasitized by a virulent parasite (latitude b territory ¼ 0.030-0.161, p ¼ 0.004, b density ¼ 0.034-0.145, p , 0.001) and by a nonvirulent parasite (weight b territory ¼ 0.127-2.082, p ¼ 0.008).
Within the reduced dataset (Model 2), we found that breeding area (i.e. territory size, except for Cisticolidae) could significantly predict whether a species was a host had much higher rates of parasitism (28% and 17%, respectively) than the other 4 years (1.87% on average). When the analyses were done with a window of time of 6 days and 8 days the same quadratic trend was found in the best models, but was non-significant (electronic supplementary material, figure S2 ).
In years with low parasitism, nests in higher densities were less likely to fledge host young, but this pattern was reversed in years with high parasitism, when nests in locations with higher densities were more likely to fledge host young (150 m figure 3b ; 300 m, intensity Â density b ¼ 20.713, p ¼ 0.021). In all cases, the best model included the interaction term between density and intensity of parasitism, and the model with the interaction term was 1.56, 3.66 and 17.23 times better, respectively, than a model without it. The same pattern was found when the analyses were done with a window of time of 6 days and the pattern was even stronger when we used a window of 8 days (electronic supplementary material, figure, S3).
Discussion
Our comparative analyses suggest that bird species that either have smaller breeding territories or live in low-density colonies are more likely to be hosts of brood parasites than species occupying large breeding ranges or living in highdensity colonies. Although in combination, these results may sound contradictory, they support previous findings and the idea of opposing selective forces shaping how brood parasites choose their hosts. Our analysis on a subset of families showed that in three out of four families, species with smaller territories (or higher densities) are more likely to be hosts of brood parasites. This supports the common notion that brood parasites optimize their nest searching time by establishing territories that encompass a high number of hosts [15, 17, 18] . This has also been observed in brood parasitic insects, where high host density is linked with higher parasitism rates [48] , and in endo-parasitic systems, where higher host density is linked with higher parasitic diversity [49] .
We also found that colonial species are unlikely to be hosts, but when they are, parasites tend to exploit species that live in smaller colonies. This supports previous findings within particular colonial species, such as red bishops and red-winged blackbirds (Agelaius spp.), in which cuckoos or cowbirds exploit small colonies more than large colonies [28, 29, 50] . Our results are consistent with the hypothesis that living in large groups can offer a protection against royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 374: 20180204 brood parasitism. In fact, one of the hypotheses for the evolution of coloniality is that protection against predators through social mobbing is higher in larger groups [24, 51, 52] . Our comparative analyses suggest a link between spatial density and the probability that a species is parasitized. However, the directionality of this association is unclear; brood parasites may avoid exploiting species that are sparsely distributed or nest in large colonies, or, conversely, host species may have evolved to breed in higher densities as a defence against brood parasitism, or both. In fact, some of the patterns detected in our comparative analyses could potentially be explained by ecological factors. For instance, if species have larger territories or lower densities because of poor habitat productivity, this habitat might be equally poor for parasites. Habitat factors could be driving both (but independently) the distribution of the hosts and the distribution of the parasitic species. For example, in superb fairy-wrens, parasitism rate was predicted by an interaction between host density and rainfall during the breeding season [16] . However, host density appeared to be the primary predictor of parasitism rates, because when host density declined as a result of removal of nest sites (which would not have affected habitat quality for brood parasites), brood parasitism declined to 0% [16] . The results of our within-species analysis of superb fairy-wrens contributes to clarifying this relationship, by indicating that the reproductive success of hosts is influenced by an interaction between breeding density and rates of brood parasitism, and therefore brood parasitism could exert directional selection on hosts to nest at high densities.
The results from our field data are in agreement with the findings of the comparative analyses. The fact that the probability of parasitism in superb fairy-wrens is highest at intermediate densities supports the idea that at high densities hosts may have corporate vigilance and increased potential for defences, and at very low host densities hosts do not provide sufficient nests for a brood parasite, with the consequence that being isolated could provide a defence against brood parasitism. This is not surprising, because fairy-wrens in larger groups mob cuckoo models significantly more than smaller groups, and larger groups experience lower parasitism rates than smaller groups [22] . Mobbing a parasite is a learned behaviour [53] , and is more likely to spread in dense populations, where there is a high exchange of information between individuals [21] . Moreover, although scarce, there is some evidence supporting host benefits of aggregation in other host-parasite interactions. In leaf-cutting ants (Acromyrmex spp.), individuals living in larger groups survive exploitation by a parasitic fungus better than isolated individuals, as a result of increased grooming and antibiotic secretions that offer protection [54] and similar patterns have been reported for primates and ecto-parasites [55] .
Several studies have shown that high host density can be beneficial for hosts [8, 14, 29] , but it is still unknown how dynamic this relationship is, and how selection by brood parasites could shape the link between host density and reproductive success. We found that in years of high parasitism, hosts had higher reproductive success if they were in high-density territories. This supports our other findings, confirming that living in high densities is beneficial for hosts, because it leads to lower parasitism rates and higher reproductive success [22, 24] . Hence, selection should favour breeding in higher densities. However, in years with lower parasitism rates the effect of host density was reversed, and nests in lower densities had higher reproductive success. Thus, our results suggest that selection by brood parasites can favour aggregation to increase vigilance, but other factors such as competition for resources could favour living in lower densities when the risk of parasitism is low [51] . Overall, our data indicate that the pressure exerted by brood parasitism has the potential to be a force shaping spatial patterns in superb fairy-wrens.
An important question that arises from our findings is how selection could act on host distribution. Do the progeny of fairy-wrens in high-density territories also nest in highdensity territories? Do fairy-wrens evaluate the conditions each year and make a decision about their aggregation? Is the distribution completely random each year because parasitism rates could be unpredictable? Or are other factors, such as nest site and food availability, so important in influencing settlement decisions that they override any potential effect of brood parasitism? It has been shown that birds can make precise behavioural decisions about their distribution based on environmental cues. Pied flycatchers (Ficedula hypoleuca) choose nest-boxes that are at optimal distances from nests of their potential predators: close enough to gain protection from their territoriality but far enough that encounters with the territory owner are unlikely [56] . Also, some passerine species avoid foraging in forest edges but only when there are low light conditions, because of an increased likelihood of predation by pygmy owls [57] . Fairy-wrens are known to make chick rejection decisions based on cues such as seeing a brood parasite in the vicinity of the nest [35] ; potentially, these cues could also influence their territory choice.
Overall, we have provided extensive evidence-both within and among species-that host density can impact the likelihood of being parasitized, but the relationship is not linear. Low and high densities are beneficial for hosts, but for different reasons. A similar trade-off can be expected in predator -prey interactions, where predators may benefit from intermediate prey densities, with high aggregation but lower chance of detection [58, 59] . However, the trade-off described above is unlikely to be present in many endo-parasitic systems, where there is poor evidence that high host numbers can negatively affect the fitness of the parasite [9] , although there are some examples where it is the case [54, 55] . It would be interesting to explore whether the trade-off we observe in brood parasitic systems applies to other host-parasite interactions. Future research can also explore whether the patterns that we observe have any evolutionary potential, and whether selection by parasites could be strong enough to favour the evolution of aggregation (e.g. coloniality and cooperative breeding) or isolation in host species. Understanding the mechanisms that operate in the wild and determining host distribution through generations would give some insights into this interesting question.
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